Introduction
The presence of a foam insert in a flow affects the flow field upstream. This influence is not well characterized when the foam is located inside a turbulent separated flow region such as in the vicinity of a sudden pipe expansion. Questions may rise if the separated flow penetrates or not inside the foam. Prakash et al. [1, 2] studied by LDV and numerical simulations impinging jets in a cylindrical enclosure with and without a porous layer. They conclude that further investigations are required for the validation of turbulent flow models for porous medium in order to be able to predict the feedback influence on incoming turbulent separated flow.
Practical applications of fluid flow through ceramic foams are characterized by pore Reynolds numbers that give rise to questions about the laminar or turbulent nature of the flow. Hall and Hiatt [3] used LDV to measure the turbulence characteristics in the interior of ceramic foams. Their measurements were conducted through a perforation made in samples with 10, 20 and 30 ppi. These authors observed the flow characteristics for pore Reynolds number ranging from 20 to 200 and found that the flow was essentially laminar for the 20 and 30 ppi foams. However, for 10 ppi, the measured turbulence intensity was 60-80% at a pore Reynolds number of 150. Seguin et al. [4] conducted experiments with synthetic foams with pore sizes in the range of 10 to 100 ppi. Concerning the onset of fluctuations, they observed a laminarisation effect in the synthetic foams, and no turbulent regime was detected in the range of pore Reynolds number investigated, up to Re p =1100.
Numerical calculations of the 3D turbulent flow structure at pore level are still impracticable. An alternative way is the description of the flow within a porous medium from a macroscopic point of view, in which governing equations are obtained by volume averaging the microscopic 3D flow equations over a representative elementary volume of the fluid saturated porous structure. This procedure heavily relies on the pressure loss model, which is well established for the case of packed beds of spherical particles and consists of the tuned Ergun model in the case of ceramic foams [5] . The accuracy of the multidimensional effective velocity predictions or of the occurrence of flow separation inside foams has seldom been investigated. Moreover, modeling the occurrence of transitional or turbulent regimes inside porous media is a controversial issue, as discussed, for example, by Mickeley et al. [6] , Masuoka and Takatsu [7] and Nield [8] . Moreover, if the porous medium is immersed in a transitional or turbulent flow, further difficulties arise owing to the lack of ability of the models to deal with the flow conditions at the inlet and outlet boundaries of the porous insert. To the best of the authors' knowledge, such difficulties have not been addressed.
In this work, isothermal flow inside alumina (Al 2 O 3 ) foams placed on a 1:4 sudden pipe expansion is considered. Three different pore sizes were examined: 10, 20 or 60 ppi, corresponding, respectively, to 5.1, 2.6 and 0.85 mm mean pore diameters. In Pereira et al. [9] , velocity measurements were taken in the recirculation flow region, close to the foam inlet. Numerical predictions of the flow field were performed, in which either laminar or turbulent flow in the porous region was assumed. The flow rates and pore Reynolds numbers considered in this study were chosen to correspond to the range of typical porous ceramic burners and heat exchangers. Having this in mind, the pore Reynolds numbers investigated ranged from 20 to 400, which corresponds to pipe Reynolds numbers of 600≤Re D ≤5500 (2400≤Re d ≤22000 in the pipe section upstream the sudden expansion).
The main objective of this work is to analyze the influence of the laminar and turbulent assumptions over the porous medium and their backward influence on the turbulent recirculation flow region upstream the foam. Details on the velocity measurements can be seen in [9] . ( ) In Eq. 2, r stands for the body force term, which quantifies the resistance imposed by the solid matrix to the fluid flow. This term was represented by a Darcy-Forchheimer extended model in the form of the modified Ergun model [5] . This has been heuristically extended to three-dimensional flows ( [11] , cit. in [12] ):
where µ f stands for the dynamic viscosity of the fluid, C E for the Ergun coefficient and the permeability, K, is given by the Carman-Kozeny equation [12] :
where d p stands for the equivalent particles diameter. The above equations can be used to simulate the flow when no porous medium is present. In this case, the averaged forms of the momentum and continuity equations revert to the equations for the clear flow when the pressure loss, expressed by Eq. 3, is dropped and the porosity φ is assigned the unity value.
For the flow rates considered, flow in the pipe is turbulent and, consequently, the flow inside the ceramic foam layer may or may not be turbulent. The eddy viscosity for the fluid flow is obtained with the low Reynolds k-ε turbulence model by Launder and Sharma [13] .
Turbulence Model. Being the flow turbulent in the upstream pipe section, it will either relaminarise or remain turbulent inside the foam. These two possibilities were considered. When the flow is assumed to be turbulent, the model of Pedras and Lemos [14] was used. This model is a k-ε turbulence models, modified in order to include the effect of the presence of the solid structures on the flow; it is based on taking the volume integration, within the fluid phase in a representative elementary volume, of the locally defined turbulence quantities. As a result of the volumetric averaging of the microscopic equations for the turbulent kinetic energy per unit mass, k, and dissipation rate of turbulent kinetic energy per unit mass, ε, extra terms representing the transport and production of turbulence due to the presence of the solid matrix are obtained. By means of numerically solving the flow field within a spatially periodic array of elliptic rods, and considering both low and high Reynolds flow situations, they obtained the model constant C k . The macroscopic transport equations for the turbulence kinetic energy and for its dissipation rate are expressed as:
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where t φ µ is the dynamic eddy viscosity based on intrinsic averages of turbulence quantities, σ k , σ ε , C k , C 1ε , C 2ε , and C µ are standard k-ε model constants.
All the calculations assumed fully developed turbulent pipe flow at the inlet, and the low Reynolds k-ε model by Launder and Sharma [13] was used to predict the flow in the clear fluid pipe sections.
umerical Method. A finite volume method and the SIMPLE algorithm [15] were used. The convection terms were discretized with a deferred correction in which central differences contribute 80% and first order accurate upwind differences 20%. Higher order schemes for the discretization of the convective terms (see e.g. Kobayashi and Pereira [16] ) were not required, since a fine mesh was used. Moreover, it is well known that this particular sudden pipe expansion flow problem presents very low velocities in the regions of strong curvature of the streamlines while high velocities are only found in regions of quasi one-dimensional flow. As a consequence, false diffusion is prevented by using sufficiently fine meshes and this particular flow may be well predicted with the first order upwind scheme and the k-ε turbulence model [17] . In order to study the dependence of the results on the grid refinement, calculations of laminar flow in the pipe with a sudden expansion were obtained using seven regular meshes with a coarse-to-fine refinement factor of 1.5. The results obtained with the two finer meshes (230×116 and 344×173 grid points) were virtually identical and therefore all the results presented for this geometry were obtained with the mesh with 230×116 grid nodes.
Results
Figures 2a and 2b show predicted streamlines and turbulence kinetic energy contours assuming, respectively, laminar flow within the porous medium and using the turbulence model of Pedras and Lemos [14] . No recirculation could be detected downstream the foam exit for all the calculation (50 mm thick, 10, 20 and 60 ppi samples).
From these two figures, it is observed that the k-ε model of Pedras and Lemos [14] predicts the promotion of the turbulence, and, therefore, if this model is used, the results differ from the predictions where the laminar model is used. In the results obtained with the model by Pedras and Lemos [14] the enhancement of the diffusivity owing to the turbulence almost eliminates the laminar separated flow region inside the foam at the expansion wall. Unfortunately, flow inside the foam could not be visualized, nor could any measurements be taken as to be able to confirm the existence of flow separation. The outflow from the foam resembles the streamlines shown in Figs. 2a and 2b. Calculations were also performed for several cases where the foam sample is located at a finite distance from the sudden pipe expansion. It has been observed that this gives rise to the formation of an axisymmetrical cavity between the expansion wall and the foam sample. In this region, the flow displays the velocity characteristics of a typical cavity and experiments with smoke flow visualization were not conclusive about penetration of the separated flow streamlines into the foam.
Results taken 10 mm upstream the foam inlet for a cavity lengths, b, equal to 60 mm are shown in Fig. 3 . They show the formation of a toroidal vortice flow in the cavity space. 
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Diffusion in Solids and Liquids IV large qualitative differences close to the pipe wall.
ii) The influence of assuming laminar or turbulent flow within the foam over the flow upstream the foam is limited to the influence of the pressure loss within the foam. Nevertheless, the use of laminar or turbulent assumptions has been shown to have a large qualitative impact in the vicinity (within about five pore diameters distance) of the foam inlet.
